Ecosystem effects of bottom trawl fisheries are a major concern. We analysed whether the replacement 25 of mechanical stimulation by electrical stimulation may reduce the adverse impacts on the benthic 26 ecosystem in the beam trawl fishery for sole. Although the use of electricity is not allowed to catch fish in 27
Introduction
Three methods were used to assess the impact of bottom trawling on the benthic ecosystem (reviewed in 142 [52] ). All three methods build on the assumption that the sensitivity of the benthos for bottom trawling 143 is related to the longevity composition of the benthic community which can be described by the 144 cumulative biomass (B) as a function of ln(longevity) (L), habitat (H) and trawling (T) [36, 37] . 145 ln ( 1− ) = + ln( ) + + + : + :
(2) 146 Precautionary approach (L1) 147 L1 estimates the proportion of the biomass of the benthic community that is potentially impacted by 148 trawling [33] . It assumes that benthic taxa with a longevity of more than the average interval between 149 two successive trawling events will be potentially affected by bottom trawling. Hence the impact can be 150 estimated as the proportion of biomass of those taxa with a longevity exceeding the reciprocal trawling 151 intensity (L = 1/T), which was derived from equation [ (3) 153
Because the impact is estimated relative to the untrawled community, a value of T0 = 0.01 was included 154 to avoid taking the log of zero. community in response to trawling is based on the statistical relationships between trawling intensity 158 and longevity as found in [37] . 159
Statistical-impact approach (L2)
By re-arranging equation (2), is given by: 160 = exp (− ( + + + : ) ( + ) ⁄ ) (4) 161 L2 estimates the relative change in median longevity in response to trawling by: 162
where is the median longevity at trawling intensity T and 0 is the median longevity of the untrawled 164 community. 165
Population dynamic approach (PD) 166 The population dynamic approach estimates the impact of bottom trawling (I) in terms of the reduction 167 in the benthic biomass (B) relative to the carrying capacity (K) of the habitat [32, 36] 168
Where is the recovery rate and is the biomass proportion of longevity class i in the total community, 170 and is the trawling intensity and is the depletion rate of métier m. 171
Parameterisation

172
The parameters of the longevity composition in relation to habitat variables and trawling intensity (eq 1) 173 are based on [37] . The depletion rate of the tickler chain beam trawl (dT=0.14) is based on the results of 174 the meta-analysis of [14] . Given the observed linear relationship between depletion rate and penetration 175 depth across gears [14]and the 50% reduction in penetration depth of the pulse trawl relative to the 176 tickler chain beam trawl [19] , the depletion rate of the pulse trawl was estimated as dP=0.5*dT. The 177 recovery rate was set at r = 5.31*longevity -1 [36] . The number of longevity classes used in the 178 calculations was set at n=10.000 with a maximum longevity of 100 years. vessels, respectively (Table 2, Fig 2) , 183 showed a similar pattern but with a smaller decrease of about 21%. The decrease in swept area was 229 particularly strong in SFA, 42% for the total fleet and 28% for the PLH. The decrease in swept area is 230 due to both a decrease in fishing hours and towing speed. 231 trawled at least once in a year, decreased during the transition by 19% from about 62 thousand km 2 in 239 2009 to 50 thousand km 2 in 2017 ( Fig 5b) . The decrease was less than the decrease in swept area. The 240 footprint of the PLH, including pulse and tickler chain trawling, decreased by 15% from 48 thousand km2 241 in 2009 to 41 thousand km 2 in 2017. After the transition, the footprint of the pulse trawl varied around 242 34 thousand km 2 . The number of 1x1 minute grid cells with trawling activities varied without a clear 243 trend (Fig 5c) , although the number of grid cells in 2017 was 7% higher in the total fishing area and 244 10% lower in SFA than in 2009. The number of grid cells with pulse trawl activities reached a stable level 245 in 2012 when the swept area only reached about half of its final level in 2015 and later years (Fig 5a) . 246
The habitat association of the beam trawl fleet is presented in Table 3 . The Dutch beam trawl fleet 247 deploys more than 80% of its fishing effort on sandy sediments which comprise only 60% of sea floor 248 habitats in the SFA. Coarse and mixed sediments are fished less than their proportional occurrence, while 249 mud is trawled in proportion to its occurrence. Pulse trawling occurs slightly more in coarse habitats and 250 less in mud. 251 The L2 indicator, which estimates the decrease in median longevity of the benthic community due to 274 trawling, shows a gradual 11% decrease in the SFA for the total fleet as well as a 20% decrease for the 275 PLH 20% (Table 4 ). When estimated for the total fishing area, however, an increase in impact is 276 estimated of 49% and 44% for the PLH and the total fleet, respectively. The increase in the beam 277 trawling with tickler chain trawls targeting plaice north of SFA where natural disturbance is low overrides 278 the impact reduction due to the transition to pulse trawling in the SFA. 279
The Biomass indicator, which measures the decrease in equilibrium benthic biomass due to the trawling 280 intensity, shows a clear decreasing trend in the SFA to a level in 2017, which is about 60% lower than in 281 2009 for both the total beam trawl fleet and the PLH. For the total fishing area, the decrease in impact is 282 estimated at about 50% (Table 4) . 283
Sediment mobilization 284
The estimated amount of sediment that is mobilized in the wake of the beam trawls is estimated at 285 20.10 14 kg.year -1 and decreased during the transition period (Fig 7) . For the total fleet the amount is 286 59% (SFA = 66%) lower in 2017 than in 2009 (Table 4 ). For the PLH the decrease is 33% (SFA = 39%). 287
After the transition in 2017, pulse trawl and tickler chain activities have an about equal share of the total The transition to pulse trawling reduced the impact of the pulse license holders (PLH) on the benthic 306 ecosystem between 20% and 61% in the SFA depending on metric (Table 4 ). The impact reduction of the 307 PLH is a minimum estimate because the PLH increased their fishing rights for sole which to compensate 308 for the increased catch efficiency (Poos in [53] ) replacing fishing effort of other beam trawl vessels. On 309 the other hand the impact reduction estimated for the total Dutch fleet is an overestimate because the 310 beam trawl effort decreased due to vessels switching to fuel saving fishing gears such as twin otter trawl 311 or flyshoot, or vessels leaving the fishery. 312
The reduction in impact is mainly due to two factors. First, electric stimulation allowed fishers to reduce 313 towing speed and at the same time increase catch efficiency for sole, their main target species, but not 314 for plaice (Poos in [53] ). The increased catch efficiency for sole is likely due to its cramp response to 315 electrical pulses, where it bends into a U-shape that can easily pass over the ground rope into the net 316 [27, 54]. When exposed to a pulse stimulus, plaice also cramps, but does not bend noticeably and may 317 pass underneath the ground rope. 318
Second, the replacement of transverse rows of tickler chains with longitudinal arrays of electrodes 319 reduces the contact area of the trawl with the sea floor. In contrast to the tickler chains, that disturb the sea floor over the full width of the trawl, the contact area of a pulse trawl is restricted to the nose of the wing and the electrode arrays that run parallel to the towing direction [40] . In addition, the sediment 322 penetration depth of the pulse trawl components is less [20] . In a comparative trawling experiment in 323 fine sand it was shown that a tickler chain trawl disturbed the sea bed to a median depth of 4.1 cm, 324 more than twice the median disturbance depth (1.8 cm) of a pulse trawl [19] . 325
The reduced bottom contact of the pulse trawl implies reduced catch efficiency for benthos. Van Marlen 326 et al (2014) showed that the amount of benthos caught in pulse trawls was 20% lower than in a tickler 327 chain beam trawl fishing on the same grounds. In addition we expect that the reduced bottom contact 328 and the lower towing speed will reduce the mortality caused by the physical contact with the gear [55]. 329
Only two experimental studies have compared the impact of pulse trawls and tickler chain beam trawls, 330 with equivocal results. In a BACI experiment in the Frisian Front area the depletion of benthos averaged 331 over all species was lower for pulse trawling (25%) than for tickler chain trawling (44%) although the 332 difference was not statistically significant [56] . In a study in coarser sediment in coastal water, where the 333 benthic community mainly consisted of species that can be considered to be resistant to bottom trawling, 334 no significant effect of beam trawling with either gear type could be detected [57] . 335
The equivocal results of the two experiments are not surprising because it is notoriously difficult to 336 quantify the trawling induced mortality in field experiments due to the generally large variance in the 337 data [13] . A meta-analysis of the available studies, however, showed that the depletion rate is related to 338 the penetration depth of the gear [13, 14] . The measured reduction in penetration depth of the pulse 339 trawl of about 50% [19] and proportional reduction in depletion rate shown by the meta-analysis of [14] 340 is close to the 43% reduction in depletion estimated in the BACI experiment by [56] . 341
We used three complementary indicators to assess the impact of beam trawling on the seafloor habitats. 342
The L1 method estimates the biomass proportion of the benthic community with a life span exceeding 343 the average interval between successive trawling events given the observed trawling intensity. As such it 344 is particularly sensitive for changes in trawling intensity in grid cells trawled at low intensity. The L2 345 method estimates the change in the longevity composition of the benthic community which can be 346 considered to be a proxy for biodiversity. The PD method estimates the decrease in benthic biomass 347 caused by trawling. Since biological activities are scaled to biomass, the biomass method can be 348 considered a proxy for the trawling impact on trophic processes. The PD method additionally allows 349 distinguishing between differences in bottom contact and penetration depth between gear types. 350
The observed decrease in the L1 and L2 impact indicators is consistent with the observed decrease in 351 trawling footprint and in the PD indicator with the replacement of tickler chains by electrode arrays. The decrease in impact is slightly counteracted by the shift in spatial distribution resulting in a small increase 353 in pulse trawling in coarse sediment (Eunis habitat 5.1). A shift from muddy to coarse sediments will 354 result in a relative increase in benthic impact because coarse sediments have more long lived species 355 than muddy sediments [37] . 356
The response of the L2 indicator to the transition differs between the SFA and the total fishing area 357 (Table 4 ). The increase in the L2 indicator for the total area can be explained by the interaction of 358 natural disturbance and trawling disturbance events on the benthic community [58, 59] . The empirical 359 relationship between the longevity composition and habitat variables included a significant interaction 360 between bed shear stress and trawling intensity [37] . According to this model, the benthic community in 361 most parts of the southern North Sea is insensitive to beam trawling. Only the benthic communities in 362 areas with low bed shear stress, such as found in the fishing areas north of SFA, are sensitive to 363 trawling. Hence, the increase in beam trawling activities in these areas that are targeting plaice is 364 responsible for the increasing trend in L2. The increase in trawling for plaice is unrelated to the transition 365 to pulse trawling but related to the recovery of the plaice population. Before the collapse of the plaice 366 stock in the early 1990s, these northern grounds were regularly trawled by the Dutch beam trawl fleet 367 [47, 60] . 368
The transition from tickler chain beam trawling to pulse trawling resulted in a substantial reduction in the 369 amount of silt being mobilized. The decrease in sediment mobilization is due to (i) the decrease in towing 370 speed, leading to a reduction in hydrodynamic drag; (ii) the replacement of transverse tickler chains by 371 longitudinal electrode arrays; and (iii) the slight displacement of effort from muddy to coarse sediments. 372 Sediment mobilization has important consequences for the bio-geochemical processes in the sediment -373 water interface. Sediment mobilization may result in the loss of organic material from the sea bed and a 374 release of nutrients to the overlying water column, while in the water column, the mobilised organic 375 matter may be decomposed by microbial activity [3, 11, 61]. Loss of organic matter due to trawling is of 376 great concern along the continental slope [62], but has also been reported in continental shelf areas [63, 377 64 ]. An experimental study of the effect of pulse and tickler chain trawling on biogeochemical processes 378 showed that beam trawling resulted in an immediate decline in benthic community metabolism, with 379 tickler chain trawling exhibiting a stronger effect than pulse trawling [65] . 380
The small reduction of pulse trawling in muddy habitats is in contrast to anecdotal information from the 381 fishing industry suggesting that pulse trawls moved into previously unfished muddy grounds in the 382 southern North Sea [53] . It is possible that the spatial scale used in the present study (1.8 km latitude * Our study focussed on the effect of mechanical disturbance on the benthic ecosystem and did not 387 consider the possible effect of electrical pulses. Laboratory studies where benthos was exposed to 388 electrical pulses used in the sole fishery did not find evidence for pulse-induced mortality of a variety of 389 benthic invertebrates [53, 68, 69] . Field and laboratory studies on the effect of pulse trawling and tickler 390 chain trawling on biogeochemical processes only showed biochemical impacts coming from mechanical 391 disturbance but did not find evidence that electrical pulses led to a detectable impact on biogeochemistry 392 (Tiano in [53] ). Although studies on the effect of pulse stimuli on marine biota and geochemical 393 processes are still ongoing, the available evidence suggests that the impact of pulse trawls on the 394 benthic ecosystem is due mainly to mechanical disturbance. Hence 
